Abstract. Grape (Vitis vinifera L.) berries are considered to be nonclimacteric fruit as they do not exhibit a large rise in ethylene production or respiration rate at the onset of ripening (veraison). However, ethylene may still play a role in berry development and in ripening in particular. (2-Chloroethyl)phosphonic acid (CEPA), an ethylene-releasing reagent, delayed ripening when applied early in berry development. In agreement with a role for ethylene in controlling the timing of ripening, the application of an inhibitor of ethylene biosynthesis, aminoethoxyvinylglycine (AVG), advanced ripening, as did abscisic acid, when applied during the preveraison period. Applications of CEPA nearer to the time of veraison enhanced berry colouration. Changes in the expression of ethylene biosynthesis and receptor genes were observed throughout berry development. Transcript levels of some of these genes were increased by CEPA and decreased by AVG, suggesting changes in ethylene synthesis and perception during the preveraison period that might contribute to the biphasic response to CEPA (ethylene). The significant delay of ripening in field-grown grapes through the application of CEPA also indicates that this may be useful in controlling the timing of veraison, and therefore harvest date, in warmer climates.
Introduction
Differential screening, cDNA and oligonucleotide microarray analysis and 2D protein gel analysis has shown that the levels of mRNAs for thousands of genes and their corresponding proteins change during grape (Vitis vinifera L.) berry ripening (Davies and Robinson 2000; Terrier et al. 2005; Waters et al. 2005; Deluc et al. 2007; Giribaldi et al. 2007; Pilati et al. 2007) . Such widespread changes occur in other fruit as ripening commences, and plant growth regulators (PGRs) are thought to be involved in orchestrating these changes (Giovannoni 2004) . Grapes are considered to be nonclimacteric fruit (Coombe 1973) and, by definition, nonclimacteric fruit are thought to lack the respiratory rise and the strong involvement of ethylene in the control of ripening that is seen in climacteric fruit.
The possible involvement of several PGRs in promoting grape berry ripening has been proposed. Abscisic acid (ABA) levels rise sharply around the time of veraison and the application of ABA during a certain period before veraison can advance the initiation of ripening (Coombe 1973; Coombe and Hale 1973; Hale and Coombe 1974; Inaba et al. 1976; Cawthon and Morris 1982; Davies et al. 1997; Zhang et al. 2003; Deytieux-Belleau et al. 2007; Wheeler et al. 2009 ). In addition, some of the genes expressed during the ripening phase are likely to be ABAresponsive Grimplet et al. 2007; Pilati et al. 2007) . Brassinosteroids (BRs) have also been implicated in the control of grape berry ripening as BR levels, like those of ABA, rise sharply around veraison. Furthermore, BR application before veraison can advance ripening, whereas the application of a BR biosynthesis inhibitor delays it (Symons et al. 2006) . Conversely, the application of other PGRs such as auxins can delay ripening (Weaver 1962; Hale 1968; Hale et al. 1970; Coombe 1973; Hale and Coombe 1974; Davies et al. 1997; Fujita et al. 2006; Deytieux-Belleau et al. 2007; Böttcher et al. 2011a Böttcher et al. , 2011b . Recently, the role of ethylene in nonclimacteric fruit ripening has been revisited. Although ethylene levels seem to be much lower than in climacteric fruit, there is evidence that small changes in ethylene and CO 2 evolution may occur during ripening in some nonclimacteric fruit (Cazzonelli et al. 1998; Iannetta et al. 2006; Wang et al. 2007) . Previous studies have investigated the possible role of ethylene in berry development (reviewed by but the outcomes have been mixed. The low ethylene levels present in grape berries make reliable detection difficult, especially as fruit removed from the vine may differ in ethylene evolution compared with attached berries, and measurement of ethylene on the vine is technically problematic. Some reports indicate modest increases in ethylene levels around veraison (Alleweldt and Koch 1977; Düring et al. 1978; Chervin et al. 2004 ) but other reports describe no such increase (Coombe 1973; Weaver and Singh 1978) . It is therefore possible that there is a small rise in ethylene levels sometime around veraison but there is general agreement that ethylene levels are low during the ripening phase. Changes in the level of ethylene receptors may also be involved in fruit ripening (Trainotti et al. 2005; Kevany et al. 2007 Kevany et al. , 2008 . Changes in the transcript levels of some ethylene receptors have been observed during grape berry development (Chervin and Deluc 2010; Deluc et al. 2007) but no measures of receptor protein levels have been reported.
The treatment of berries with ethylene, either as a gas or through the application of the ethylene-releasing compound (2-chloroethyl)phosphonic acid (CEPA), and with inhibitors of ethylene perception has yielded somewhat mixed results. This could be due to any number of factors including the developmental stage of the fruit at application, varietal differences in uptake and response, the method of application and growth conditions. There are many reports where CEPA application has increased colour development, with or without a concomitant increase in sugars, in a wide range of grape cultivars (reviewed by Szyjewicz et al. 1984) . The increase in anthocyanin levels is probably through an increase in the transcript levels and enzyme activities of several genes involved in anthocyanin synthesis (Roubelakis-Angelakis and Kliewer 1986; El-Kereamy et al. 2003; Tira-Umphon et al. 2007; Chervin et al. 2009 ). Other studies using 1-methylcyclopropene (1-MCP), an ethylene receptor antagonist, provide further support for the involvement of ethylene during berry ripening. 1-MCP treatment at the appropriate time can reduce the expression of ripening-associated genes and delay various ripening-related processes (Chervin et al. 2004 (Chervin et al. , 2009 .
Interestingly, there are also reports of CEPA and ethylene delaying ripening. Although CEPA and ethylene treatments around the time of veraison appear to advance ripening, earlier treatments can delay it (Hale et al. 1970; Coombe 1973) . Therefore, CEPA (and, by inference, ethylene) can be considered to be an inhibitor or promoter of ripening, depending on the developmental stage of the berries at the time of application (i.e. the response to ethylene appears to be biphasic). Changes in the response to ethylene during development have also been reported in citrus, another nonclimacteric species (Katz et al. 2004) .
Many questions about the involvement of ethylene in grape berry development remain unanswered. In this paper, experiments are described where ABA, CEPA and aminoethoxyvinylglycine (AVG) were applied to grape bunches and their effect on ripening was monitored. It appears that ethylene may act to retard berry development and, as a consequence, ripening when applied at a particular preveraison stage. Conversely, reducing the level of ethylene biosynthesis during the preveraison period through AVG application can hasten ripening. . ABA was taken up in 500 mL of 100% ethanol before dissolving in the Tween solution. The same bunches were sprayed on two occasions during the preveraison period, 17 January 2007 (12 days before veraison) and 24 January 2007 (5 days before veraison). The trial was of a randomised triplicate design with control, ABA, AVG and CEPA treatments randomised over three adjacent rows. Each replicate consisted of 25 bunches selected to be of a similar size and age from four or five vines, with untreated vines separating the different treatments (one vine for all treatments except CEPA, where three untreated vines were used to separate treatments). Sprays were applied to run off using hand-held sprayers; drift onto other parts of the vine was prevented by the use of a plastic shield. Bunches on both sides of north-south oriented rows were sprayed.
Materials and methods

Treatment of field-grown fruit with PGRs
Measurements of berry weight (80 berries per replicate), total soluble solids (TSS) and anthocyanin levels were taken at regular intervals to measure the progress of berry development. TSS were measured as Brix in individual berries using a refractometer. To prepare samples for total anthocyanin determination, grape berries, frozen in liquid nitrogen, were ground to a powder using an IKA A11 basic analytical mill (IKA, Staufen, Germany) and 0.1 g of powdered sample was added to 1 mL of methanol containing 1% (v/v) HCl. The anthocyanins were extracted at room temperature in the dark on a rotating mixer for 1 h. The tissue was pelleted by centrifugation at 18 000Âg for 15 min and the supernatant was retained. Samples were diluted as required and total anthocyanin levels were estimated spectrophotometrically by reading absorbance at 520 nm immediately following centrifugation.
The results from the above experiment were used to design a more expansive study during the following season to investigate the effect of treatment timing on changes in berry development. V. vinifera cv. Shiraz fruit grown at two different sites were sprayed. At a vineyard in Hahndorf, Adelaide Hills, South Australia (Nepenthe Wines, 35 02 0 S, 138 84 0 E), three sprays were completed during the preveraison period, 7 January 2008 (22 days before veraison), 17 January 2008 (12 days before veraison) and 22 January 2008 (7 days before veraison). In this study, separate vines were used for each of the three treatment dates. The rest of the experimental design and applications were as described above, except that TSS was measured for a combined sample from each of the replicates rather than for individual berries, and that CEPA as Ethrel was used at 600 ml L -1 . Berries were sampled 24 h after each CEPA treatment and RNA was extracted to study its effects on shortterm gene expression by quantitative real-time PCR analyses (qPCR).
At -1 (Milton Australia, Laverton North, Vic., Australia) for 1 h and washed three times with sterile nanopure water. All following procedures were carried out in a laminar flow under sterile conditions. A thin slice of each berry was cut off around the brush area to ensure good contact with the agarose medium and 20 berries were placed on Petri dishes containing 30 mL of Gamborg's media, 0.025% (w/v) casein hydrosylate, 0.8% (w/v) agar, pH 5.7-5.8 and one or both of the following additives (final concentrations): ReTain (Valent BioSciences; 125 mg L -1 AVG, filter sterilised), 12% (w/v) sucrose. Berries were placed on the plates with the cut surface facing the agar, the plates were sealed with Parafilm (Bemis Company Inc., Neenah, WI, USA) and kept in the dark at 25 C. After 20 h, the berries were harvested and frozen in liquid nitrogen.
Grape berry developmental series
A series of berry samples were taken from flowering to ripeness to provide a developmental series for the analysis of gene expression. Shiraz vines grown at Willunga (as above) were used. Fruit samples were collected during the 2007-08 growing season. Flowering was defined as the time wheñ 50% of the opercula had fallen from the flowers (50% capfall). Samples were collected from both sides of vines in north-south oriented rows. Berries (100 per sampling time) were sampled randomly from all bunches in all parts of the canopy. The berries were deseeded before being frozen in liquid nitrogen. All samples were stored at À80 C until required.
Preparation of RNA and cDNA synthesis Grape RNA was isolated essentially as described by Davies and Robinson (1996) . The RNA was further purified by precipitating with 0.44 vol of 10 M LiCl at À20 C for 3 h. After centrifugation and washing with 70% (v/v) ethanol, the pellet was dried and resuspended in 10 mM TRIS-HCl (pH 7.5), 1 mM EDTA. Total RNA was quantified using a spectrophotometer (Nanodrop 1000; Thermo Fisher Scientific, Wilmington, DE, USA; absorbance at 260 nm) and 100 mg was further purified and DNase-treated using RNeasy mini spin columns (Qiagen, Hilden, Germany) and the RNase-Free DNase set (Qiagen) as described by the manufacturer. One mg of purified RNA was run on an ethidium bromide-stained agarose gel in 20% (v/v) formaldehyde buffer to check for quality. Complementary DNA was synthesised in 20-mL reactions from 2 mg of total RNA using the SuperScript Firststrand cDNA synthesis system (Invitrogen, Carlsbad, CA, USA) and the 3 0 -end, (dT)17-adpater primer (Frohman et al. 1988) according to the manufacturer's instructions. Complementary DNA reactions were diluted 10-fold before use in qPCR.
qPCR analysis
Expression of 1-aminocyclopropane-1-carboxylate synthase (ACS), 1-aminocyclopropane-1-carboxylate oxidase (ACO) and ethylene receptor genes was determined by qPCR using a Rotor Gene 3000 system (Corbett Research, Mortlake, NSW, Australia). The primers used were: ACS genes:
0 (186 bp). Each reaction contained 1Â SYBR Green PCR Master Mix (Life Technologies Corporation, Carlsbad, CA, USA), 2 mL of diluted cDNA, each primer at 333 nM and water to 20 mL. Cycling conditions were: 95 C for 10 min and 40 cycles: 95 C for 30 s, 58 C for 30 s and 72 C for 30 s, followed by a melt cycle of 1 C increments from 50 C to 96 C (45 s for the first step; 5 s for each subsequent step). Each primer pair gave a single product of the expected size and sequence, verified by analysis of the melt curve, agarose gel electrophoresis and DNA sequencing. All reactions were performed in triplicate. The preparation of standard DNA for the calibration curves was done as described by Böttcher et al. (2010) . The expression value of each gene in each cDNA tested, which was determined by reference to the standard curve, was normalised to the level of expression of Actin2 (primers designed to CF208516 forward
Statistical data analysis
The significance of any differences between treatments was tested by Student's t-test or ANOVA with Duncan's post hoc test, using SPSS ver.16.0 (SPSS Inc., Chicago, IL, USA).
Results
Field experiments during the 2006-07 season -effects of PGRs on berry ripening
A preliminary study was conducted during the 2006-07 growing season to test the effects of various PGRs on the ripening of grape berries. The date of veraison for control fruit was 29 January 2007. The results indicated that ABA and AVG treatments advanced ripening, but CEPA treatment delayed ripening as measured by changes in TSS levels. CEPA treatment during the preveraison period delayed the accumulation of sugars (Table 1) , as TSS levels for the CEPA-treated fruit were significantly lower than those for the control fruit for the last three samples (35, 50 and 64 days after initial spraying (DAIS)). No significant differences in berry weight were detected between CEPA-treated and control fruit (Table 1) . Anthocyanins were only measured for the harvest samples and no significant differences were recorded between the treatments (Table 1) .
The TSS values of ABA-treated fruit were higher than those for control fruit between 22 and 50 DAIS (Table 1) , and ABAtreated fruit were significantly heavier than control fruit at 12 and 22 DAIS (Table 1) .
Although the weight of AVG-treated fruit was not significantly different compared with that of the control fruit, the TSS levels of AVG-treated fruit were significantly higher than those for the control fruit at all sampling times (Table 1 ), indicating that, like ABA, AVG can advance the timing of sugar accumulation when applied to berries during the preveraison period.
Field experiments during the 2007-08 season -effects of PGRs on berry ripening
In response to the effects of the treatments on berry ripening described above, it was decided to conduct a more extensive experimental program to confirm and further expand on these results during the following season. To this end, treatments were applied at several different times in relation to the date of veraison at two sites that had different climatic conditions (Gladstones 1992 ). There were numerous differences in the effects of the different treatments, and all the data are given in Tables 2 and 3 . In an effort to simplify the presentation of the results and discussion, the focus is on the trends that are thought to be the most important and that are best supported by evidence of statistical significance. Although the differences between the treatments when compared with the control were not always statistically significant, the differences between ABA-and AVGtreated fruit compared with CEPA-treated fruit were more frequently so. This can be attributed to these treatments having opposite effects (see below).
As seen in the 2006-07 experiment, CEPA, when applied at certain times during the preveraison period of development, delayed ripening in the experiments at both field sites during the 2007-08 season. At the Willunga site, CEPA Spray 1 (5 January 2007, 29 days before veraison) and Spray 2 (17 January 2007, 17 days before veraison) both resulted in a delay in the increase of TSS and anthocyanin levels ( Table 2 ). The effect on TSS levels was greater for Spray 2 than Spray 1. The date of veraison for control fruit was 3 January 2008. There were no significant berry weight differences between the control and CEPA-treated fruit for these samples (Table 2) . CEPA Spray 1 (7 January 2008) at the Adelaide Hills site resulted in a similar delay in the accumulation of TSS and anthocyanins (Table 3) . However, in contrast to the effect seen at Willunga, the CEPA Spray 1 treatment at the Adelaide Hills site resulted in a significant delay in berry size increase (Table 3 ). The date of veraison at the Adelaide Hills site for control fruit was 29 January 2008. Later CEPA sprays (Willunga Sprays 3 (7 days before veraison) and 4 (at veraison), and Adelaide Hills Spray 3 (7 days before veraison)) at both sites seemed to have little or no delaying effect on any of the ripening parameters (Tables 2 and 3) . The above results indicated that CEPA treatments applied earlier during development delayed the entry of the fruit into the ripening phase. In contrast, the third spray at the Adelaide Hill site, which was applied only a short time (7 days) before the veraison date for control fruit, appeared to enhance anthocyanin accumulation. The CEPA-treated fruit had higher anthocyanin levels than the control berries at 7, 14 and 24 DAIS (Table 3 ). There were no significant differences between control and CEPA-treated fruit in regards to TSS levels and berry weight (Table 3) . Anthocyanins were not measured for the later sprays at the Willunga site.
In contrast to the effects observed during the 2006-07 experiment, neither ABA nor AVG treatments appeared to greatly alter the onset or progression of ripening during the trial conducted during the 2007-08 season at Willunga (Table 2 ). However, in the Adelaide Hills experiment, the treatment of berries with ABA or AVG advanced ripening (Table 3) . Although there were some minor differences between the effects of ABA and AVG during the Adelaide Hills 2007-08 experiment, the general trends were similar in that both tended to enhance ripening when applied at a particular time during the preveraison period (i.e. Spray 2 on 17 January 2008; Table 3 ). ABA-treated fruit had significantly higher TSS levels at 12 DAIS than control fruit, whereas AVG-treated fruit had a higher TSS value at 40 DAIS. Berry weights for ABA-and AVG-treated fruit were significantly higher than control berry weights at 12 DAIS (Table 3) , but the major effect was on anthocyanin levels. ABA-and AVG-treated fruit had higher levels of anthocyanins than control fruit at 12, 19 and 29 DAIS, with ABA-treated fruit also having higher levels at 40 DAIS.
Expression of ethylene synthesis and perception genes during berry development
Given that the biosynthesis and perception of ethylene during the preveraison phase seems to be of particular interest, it was decided to measure the expression of grapevine genes likely to be involved in these processes. An extensive search was made of the grape expressed sequence tags and genome sequences to identify the ACS and ACO genes in grapevine. Primers sets were made to all candidates and qPCR analysis was conducted. Only those genes with detectable expression during berry development are reported here. ACS catalyses the first committed step in ethylene synthesis and of the six putative ACS genes, two were found to be expressed in Cabernet Sauvignon berries. One gene (ACS1) was significantly expressed during the preveraison phase. Its mRNA levels were highest in young berries (copy number = 10 450 at 4 weeks after flowering (WAF)) then decreased steadily to be at low levels for the rest of berry development (copy number = 49 at 12 WAF; Fig. 1) . A second ACS gene (ACS2) was expressed throughout berry development (Fig. 1) . Its level of expression was much lower than that of ACS1 in young berries (copy number = 96 at 4 WAF) but after veraison, the expression of ACS2 increased and was higher (copy number = 232 at 12 WAF) than that of ACS1. The second and final step of ethylene synthesis is catalysed by ACO, and three of the four putative ACO genes were expressed during berry development. ACO1, like ACS1, was expressed most highly during the preveraison period but the highest levels were observed in berries 6 and 7 WAF. The levels then decreased to relatively low levels at veraison and there was low expression throughout ripening (Fig. 1) . The ACO2 gene was expressed throughout berry development, with generally higher levels during the period after veraison (Fig. 1) . The levels of this mRNA were~10-fold higher than that for ACO1. The expression of the other ACO gene, ACO3, was very low before veraison but increased steadily after veraison to be at a maximum level at 16 WAF (Fig. 1) . Although the biosynthesis of ethylene is important in controlling its levels in vivo, the berries' response to ethylene can also be moderated through the perception pathway. The first step in ethylene perception and signalling is the binding of ethylene to its receptor proteins. To test whether the ethylene signal is modified by changes in receptor mRNA levels, the transcript levels of the four reported putative ethylene receptors (Chervin and Deluc 2010) were assayed throughout berry development. All four putative ethylene receptor-encoding genes were expressed throughout berry development. ETR1 levels were constant before veraison but increased gradually after veraison to be highest at 16 WAF (Fig. 2) . ETR2 levels were highest in young fruit and in the last sample taken (16 WAF) with somewhat lower expression levels in fruit 9-14 WAF (Fig. 2) . ETR2 was the most highly expressed of the putative ethylene receptor genes throughout berry development. The expression of ERS1 was highest in berries 4 WAF, after which it decreased steadily until veraison. The level of ERS1 mRNA changed little throughout ripening (Fig. 2) . EIN4 levels were reasonably constant throughout berry development (Fig. 2) .
Changes in ethylene biosynthesis and receptor gene transcription in response to CEPA application
The ethylene biosynthesis and signalling pathways are known to be responsive to changes in ethylene levels (reviewed by Lin et al. 2009). The responsiveness of these pathways in grape berries was tested at the Adelaide Hills site by sampling CEPA-sprayed berries. The expression of ACS1 and ACS2 was not significantly altered by any of the CEPA treatments (Fig. 3) . The expression of ACO1 was relatively constant in the Tweentreated control samples at all three timepoints. In contrast, expression was significantly induced by CEPA treatment by the two earlier sprays, i.e. 7 January 2008 and 17 January 2008 (Fig. 3) . Interestingly, there was no significant induction by the spray closest to veraison (22 January 2008, 7 days before veraison). ACO2 expression was also significantly induced by the earliest CEPA spray (7 January 2008). None of the three CEPA treatments caused a significant change in ACO3 expression (Fig. 3) .
The response of the four putative ethylene receptor genes to CEPA was also tested. ETR2, ERS1 and EIN4 all showed a clear induction by CEPA sprays 1 (7 January 2008) and 2 (17 January 2008) but only EIN4 was significantly induced by the third spray (22 January 2008) (Fig. 4) .
Changes in ethylene biosynthesis and receptor gene transcription after AVG and sucrose application to ex planta berries
To test the effect of lowered ethylene biosynthesis on the expression of ethylene biosynthesis and receptor genes, berries were harvested at the Adelaide Hills site at two timepoints before veraison (8 January 2008 and 23 January 2008) and subjected to AVG application on agar plates. The ex planta methodology used was designed to ensure that the berry was rapidly exposed to a constant level of AVG throughout the experiment. The berries were harvested for RNA extraction after a 20-h incubation period. The expression patterns for the ethylene biosynthesis pathway genes were quite complex. ACS1 expression was not affected by any of the treatments in berries treated on 23 January 2008 (6 days before veraison); however, its expression was significantly reduced by both AVG and sucrose in berries treated earlier during development (8 January 2008; 21 days before veraison) (Fig. 5) . ACS2 expression was very low and not significantly affected by any of the treatments. ACO1 expression was suppressed by AVG treatment and induced by sucrose at both berry developmental stages (Fig. 5) . In contrast, ACO2 expression was slightly induced by AVG treatment but repressed by sucrose at both timepoints (Fig. 5) . The expression of the ACO3 gene, which is primarily expressed after veraison, was slightly reduced by AVG in the berries at 21 days before veraison, but not in the berries 6 days before veraison. However, its expression was induced markedly by sucrose at both timepoints (Fig. 5) .
AVG treatment affected the expression of the three ethyleneresponsive ethylene receptor genes in the opposite manner to CEPA application. The mRNA levels of ETR2, ERS1 and EIN4 (Fig. 6 ) were all significantly decreased at both timepoints by AVG treatment (Fig. 6) . Sucrose had only minor effects on the expression of these three genes when compared with the changes resulting from exposure to AVG. ERS1 expression was not affected by sucrose, ETR2 expression was slightly induced at both stages of berry development and EIN4 expression was increased somewhat at the earlier developmental stage (21 days before veraison) (Fig. 6) . ETR1 was much less responsive to the AVG treatment than the other three genes and mRNA levels were slightly increased by AVG in berries at the earlier stage of development. Sucrose induced relatively small increases in ETR1 expression at both stages of berry development (Fig. 6 ).
Discussion
CEPA can inhibit or promote ripening, depending on the berries' developmental stage at application
One of the striking results from this study was the delay of TSS and anthocyanin accumulation in grape berries treated with CEPA at certain times during the preveraison period. The timing of application relative to the stage of berry development was crucial to the outcome of CEPA application. The treatment of berries with CEPA inhibited ripening when applied sufficiently early. The TSS level for CEPA-treated fruit was significantly lower than for the control fruit in the last three samples taken during the 2006-07 experiment (Table 1) . Similarly, the first two CEPA treatments at the Willunga site during the 2007-08 season significantly delayed increases in TSS and anthocyanin levels (Table 2 ) without a significant effect on berry weight. The third spray delayed the TSS increase at one sampling date without affecting berry weight, and the last spray increased berry weight at one sampling date without affecting TSS levels. A delay in berry ripening was also observed at the Adelaide Hills site, but with variations on the effects seen at the Willunga site. At the Adelaide Hills site, TSS, anthocyanin and berry weight increase were significantly delayed by the first spray (Table 3) . The current study confirms and extends the results of two previous and less extensive studies where a delay in ripening was observed after CEPA application (Hale et al. 1970; Coombe and Hale 1973) . The delay in ripening caused by CEPA is in contrast to many reports where CEPA application nearer the initiation of ripening caused an increase in colour and, on some occasions, sugar levels (see reviews by Szyjewicz et al. (1984) and ). Indeed, in the experiment at the Adelaide Hills site, we also observed that CEPA treatment significantly increased colour accumulation at three sampling timepoints when applied a week before veraison (Table 3) . Only bunches were sprayed in the current study, showing that the observed delay in ripening can be achieved by local application. However, it is possible that the diffusion of CEPA or ethylene to other parts of the plant may have resulted in some secondary effects. CEPA sprayed at the concentration used in these experiments onto the vegetative tissue had no visible effect on vine health (data not shown).
The delaying of ripening caused by the application of CEPA during the earlier preveraison period could be due to an effect on berry growth. There is increasing evidence from a range of plant species for a biphasic response to ethylene, where high levels inhibit growth and low levels stimulate growth (Pierik et al. 2007) . The application of CEPA is expected to have resulted in the evolution of a high level of ethylene, probably much higher than that normally present in grape berries. These high levels may temporarily have slowed berry growth, resulting in a delay in veraison. CEPA application nearer to the time of veraison may not have an inhibiting effect, as the fruit may have developed sufficiently for ripening to proceed. However, much of the evidence from the current study is consistent with CEPA treatment having little effect on berry growth. The first three sprays at Willunga resulted in a significant reduction in the accumulation of TSS and anthocyanins at one or more sample points, but no significant differences in berry weight were observed ( Table 2 ). The first spray at the Adelaide Hills site resulted in delayed berry weight increase as well as delayed TSS and colour accumulation, but the third spray, which caused an increase in colour, was not accompanied by any change in berry weight (Table 3) . The delay in ripening may therefore result from a direct effect on the initiation of ripening rather than on an inhibition of growth. Due to the interactions reported between ethylene signalling and the various other PGR signalling pathways (Lin et al. 2009 ), the effect of ethylene on berry development may be a secondary response resulting from ethylene-induced changes in the concentration or perception of other PGRs.
The increase in anthocyanin accumulation arising from CEPA Spray 3 at the Adelaide Hills site (Table 3 ) is in line with previous studies showing that CEPA and ethylene can increase the activity of the anthocyanin biosynthesis pathway, resulting in higher anthocyanin levels (Szyjewicz et al. 1984; Roubelakis-Angelakis and Kliewer 1986; ElKereamy et al. 2003; Tira-Umphon et al. 2007; Chervin et al. 2009 ).
ABA treatment promotes ripening
The data presented in this paper provide further confirmation that ABA application during a period of a few weeks before veraison can promote ripening. Previous studies have shown that ABA applied within a few weeks of veraison can advance the increases in TSS, colour and berry size associated with ripening (reviewed by . However, there is considerable variation between the reports regarding which processes ABA can influence and, in some cases, there is a lack of statistical evidence.
During the 2006-07 season, the treatment 9 days before veraison (repeated at 2 days before veraison) promoted an increase in TSS as measured by changes in Brix (Table 1) . Similarly, ABA sprayed 12 days before veraison (Spray 2) in the Adelaide Hills during the 2007-08 season seemed to be effective in promoting ripening, as ABA-treated fruit had significantly higher TSS, anthocyanin levels or weight at particular stages (Table 2 ). The changes in all three measured parameters suggest that the entire ripening process had been accelerated, not just one component of it. Treatment earlier than this, at 22 days before veraison (Spray 1), or later (Spray 3, 7 days before veraison) did not seem as effective (Table 1) . The influence of developmental stage on the effect of applications indicates that the ability of the berry to perceive and respond to the applied growth regulators changes during development (as described above for CEPA). Such changes in response to PGRs during development may explain some of the wide variation seen in published reports regarding the effect of exogenous ABA on berry ripening (reviewed by .
AVG can promote ripening
AVG applied during the preveraison period had a similar effect to ABA in that it also promoted berry ripening. The times when the application of AVG advanced ripening most effectively appeared to be the same as those for ABA and, as with ABA, the effects were modest. There was no evidence from the current experiments that AVG applications applied later in the preveraison period, up to within a week of veraison, significantly delayed ripening. This is in contrast to the inhibition of ripening observed when 1-MCP was used to block ethylene perception by receptors (Chervin et al. 2004) . The reasons for this apparent difference are unclear but may relate to the different mode of action of these two inhibitors. AVG acts as a competitive inhibitor of ACS activity, thereby preventing ethylene biosynthesis (Boller et al. 1979; Yu et al. 1979; Yamagami et al. 2003 ) but 1-MCP acts as an inhibitor of ethylene perception (Sisler and Serek 2003) . AVG might also affect auxin biosynthesis in berries (see below). It is possible that the application of AVG to the whole vine rather than just to the bunches may be more effective in promoting ripening, as AVG levels in the berries may be diluted by its movement from the berries to other parts of the vine, and ethylene synthesised in the vegetative part of the plant may still be having some effect on the AVG-treated berries.
Apart from having a direct effect on ethylene synthesis, there may be another action of AVG involved in the hastening of veraison in AVG-treated berries. AVG was recently described as an inhibitor of a family of tryptophan aminotransferases in Arabidopsis thaliana (L.) Heynh. (Soeno et al. 2010) . These aminotransferases are closely related to ACS proteins (reviewed by Theologis 1992) and catalyse the first committed step in a tryptophan-dependent biosynthetic pathway leading to the formation of the major plant auxin indole-3-acetic acid (IAA) (Mashiguchi et al. 2011; Stepanova et al. 2011; Won et al. 2011) . Accordingly, AVG treatments of A. thaliana seedlings resulted in a reduction in IAA levels (Swarup et al. 2007; Soeno et al. 2010) . In contrast, ethylene is known to stimulate auxin biosynthesis by activating the tryptophan aminotransferases mentioned above (Stepanova et al. 2005 (Stepanova et al. , 2007 Swarup et al. 2007 ). Based on auxin application experiments using preveraison grape berries and changes in the concentration of IAA levels during berry development (Inaba et al. 1976; Cawthon and Morris 1982; Zhang et al. 2003; Deytieux-Belleau et al. 2007; Böttcher et al. 2010) , it has been suggested that low IAA levels are a requirement for the commencement of grape berry ripening (Böttcher et al. 2010) . It is therefore possible that the AVGand CEPA-induced effects on berry ripening observed in this study were indirectly brought about through changes in auxin levels in the fruit.
Although both ABA and AVG advanced ripening, when they were applied at particular stages of berry development, the differences in TSS accumulation (and in the other parameters measured) between the control and treated fruit were modest. This may be attributed to several factors. Over recent years, the growing seasons in the two regions used in these studies have become compressed, with the ripening of all varieties occurring earlier than usual. The causes for this phenomenon are unproven but it has been suggested that this results from reduced water inputs (including reduced rainfall) and high temperatures, probably as a result of climate change (Webb et al. 2011) . Under these conditions, fruit are developing very rapidly and thus it may be difficult to further advance the timing of ripening.
The expression of ethylene biosynthesis genes is consistent with a role for ethylene throughout development
As mentioned in the Introduction (and reviewed by , the published levels and patterns of ethylene accumulation are highly variable and the measurements have been performed on detached fruit (usually including a vacuum treatment) that may result in spurious levels being detected. Some studies have reported a small rise in ethylene levels at around the time of veraison but others have not detected such an increase. Given that ethylene can inhibit ripening during the preveraison period (Hale et al. 1970; Coombe and Hale 1973; this study) and that ethylene has also been implicated in the hastening of ripening (Szyjewicz et al. 1984;  this study) it seemed important to investigate the potential for ethylene to be synthesised and perceived during berry development through measuring the expression of the genes involved. It seems that the manner of ethylene biosynthesis could change throughout berry development. ACS1 and ACO1 appear to act in concert, as they have a similar pattern of expression (even though the ratio between ACO1 and ACS1 at maximal expression levels for each is~7 : 1), being elevated in young berries and low during ripening (Fig. 1) . ACS2 and ACO2 also have similar patterns of expression, as both are expressed throughout berry development and are more highly expressed during ripening (Fig. 1) . ACO2 is very highly expressed and the ratio of expression between ACO2 and ACS2 is remarkably polarised (~4800 : 1 at maximal levels for each). The low levels of ACS gene expression during ripening compared with the high level of ACO genes might indicate that ethylene expression is being controlled by the ACS enzymes during this period and that ethylene synthesis during ripening, although required, may not be high. The expression pattern of ACO3 cannot be explained at this stage. Other reports indicate that the transcript levels and enzyme activity of ACOs tend to decrease at around the time of veraison (Chervin et al. 2004; Deluc et al. 2007; Pilati et al. 2007) and that the levels of ACS transcripts and protein also decline after veraison Giribaldi et al. 2007) .
Another explanation for the differing response to CEPA and AVG with time could be that the sensitivity of the ethylene biosynthesis and perception pathways to exogenous ethylene levels may vary during berry development. ACS1, ACS2 and ACO3 genes did not respond significantly to CEPA treatment (Fig. 3) . However, ACO1 and ACO2 were both induced by CEPA in the earlier stages of berry development (Fig. 3) when CEPA treatment appeared to have a delaying effect on ripening ( Table 2 ). The response to AVG also changed during berry development. The largest change was for ACS1, which was repressed by AVG treatment at 21 days before veraison but not at 6 days before veraison (Fig. 5) . These results suggest that not only are there changes in the expression of these genes during 'normal' development but their response to exogenous ethylene-releasing (CEPA) and ethylene biosynthesis-inhibiting (AVG) agents also changes with time, perhaps through a change in the berries' sensitivity to ethylene. The expression of the four ethylene receptors also varied during development, and the decrease in ERS1 and ETR2 expression during the preveraison stage may indicate an increase in sensitivity to ethylene during development, including the period when the response to ethylene appears to change (Fig. 2) . ETR1 expression, however, does seem to increase over this period. These results are somewhat similar to those reported from microarray studies of grape berry gene expression ) but differ in some respects to the results of Chervin and Deluc (2010) .
In contrast to the ethylene biosynthesis pathway genes, the response of the four putative receptor genes to CEPA and AVG was quite consistent. EIN4, ETR2 and ERS1 mRNA levels were increased by CEPA treatment and reduced by AVG treatment (Figs 4, 6) . ETR1 was largely unresponsive to either AVG or CEPA treatments. This lack of response has been previously described for ETR1 homologues in other species, for example, in tobacco (Nicotiana tabacum L.) (Knoester et al. 1997) , tomato (Solanum lycopersicum L.) (Zhou et al. 1996) and persimmon (Diospyros kaki Thunb.) (Pang et al. 2007 ). An increase in ethylene receptor gene transcript levels resulting from ethylene or CEPA treatment has been observed in other plants; however, at certain ethylene concentrations, the amount of receptor protein is not correlated with gene expression (Chen et al. 2007) . A future study of ETR protein levels during berry development and in response to stimuli such as CEPA and AVG would be helpful in defining the molecular control of ethylene perception. The results above show that the ethylene receptors remain responsive throughout the period when AVG and CEPA were applied, and affected berry development.
In summary, the response to ethylene clearly changes during development but the modulation observed in the transcription of genes involved in ethylene biosynthesis and perception does not offer a ready explanation for these changes or the response to AVG and CEPA. The explanation may lie in the extensive interactions that occur between the various plant regulatory pathways, as changes in these pathways may affect the berries' response to ethylene.
